Purpose: Cusp fractures are among the major reasons for the extractions of root-treated teeth.
INTRODUCTION
The restoration of root treated tooth is still a much-debated topic. The endodontic treatment results in decline in the strength of the remaining tooth struc ture because of multitude of factors such as alterations in tooth architecture, alterations in the prop erties of dentin and alterations in proprioception. The alterations in tooth architecture are assigned to removal of tooth structure during endodontic access preparation with subsequent weakening of the tooth and more prone to fracture. 1, 2 The endodontic treatment is associated with reduction of proprioceptive sensation in non-vital tooth with higher pain threshold, as a consequence of pulpal nerves being concerned in detecting masticatory load, with subsequent elevated loading of nonvital tooth. 3 Collagen depletion have an impact on the elasticity of the dentin and raises the change of fracture under occlusal forces. During endodontic protocol, certain steps have a negative influence on collagen involving the use of sodium hypochlorite, ethylenediamine tetra acetic acid and calcium hydroxide dressing. 4, 5 For restoration of endodontically treated teeth, the ideal definitive restoration is dependent on the remaining tooth structure as the strength of the tooth depends on the amount of remaining hard dental tissue. 6 Intra-coronal restoration is only proposed if mesial and distal marginal ridges are intact. 7 A popular approach for restoration of endodontically treated teeth has been to construct an intra-radicular post and core build up to enhance the retention of a definitive restoration. With this protocol, either prefabricated or custom-made intra-radicular posts can be utilized. The principle function of a post is to provide intra-radicular retention of the core/ crown restoration and to distribute functional loads to a larger area of the remaining tooth structure. 8 However, post do not strengthen the endodontically treated teeth. 2,9 Plentiful researches have pointed out that placement of an intra-radicular post will aid in the retention of the definitive restoration but may have a weakening influence on the tooth. 8, 10 Furthermore, the implementation of post and core approach is complicated by the essential need to provide an appropriate ferrule effect, which is essential to lessen the danger of failure with root fracture. 11 The ferrule effect is a key factor in the failure threshold of post-treated teeth, but the same ferrule preparation also causes loss of important remaining hard dental tissues. 12 Stankiewicz et al 13 demonstrated that a ferrule is desired, but should not be provided at the expense of the remaining tooth/root structure. Failure related to post and core possible attributed to various biomechanical behaviors of tooth structure as a consequence to intra-oral repeated stresses. 14 The failure may be repairable or non-repairable that demands tooth removal and later prosthetic substitution. 15 With modern developments in adhesive methods and restorative materials, existence of macroretentive features is no longer a pre-requisite for adhesively bonded restoration if there are enough tooth structure for bonding. 16,17 A change in treatment protocols to more conservative decisions has been advocated, and the requirement for intraradicular post and core has become less evident. 18 Depending on the available tooth structure, inlay, onlay and endo-crown restorations have been presented as an alternate option for restoration of root treated posterior teeth. 19,20 Based on the adhesive techniques, minimally invasive preparation designs which preserve as much tooth structure as possible are believed to be the gold standard in restoring a tooth. 21, 22 Onlay restoration is outlined to cover part or all of the occlusal aspect of the tooth and some authors apply the term overlays to describe full-occlusal coverage restorations. Traditional metal onlay restoration was designed to include an intra-coronal inlay component to provide adequate retention when conventional cementation was utilized. These days, onlay restorations are constructed from an assortment of restorative materials such as ceramic and composite materials. 23, 24 An onlay restoration with cuspal coverage may efficiently restore an endodontically treated posterior tooth. Proximal box can enhance the retention and resistance of an only restoration but it causes more destruction and should only be implemented when previous restoration is existing. 25 Cusp fractures are among the major reasons for the extractions of endodontically treated teeth. 26 Unrestorable tooth fracture is noticed more frequently in endodontically treated tooth with massive intra-coronal restoration. 22, 27, 28 Studies has pointed out variety of factors, which affect the direction and location of root fracture, such as the restorative procedure, the preparation design and the remaining tooth structure. 29, 30, 31 With the purpose of rising the amount of information concerning the mechanical impact of minimally invasive cusp coverage restorations, the present study evaluated the fracture resistance and failure modes of endodontically treated maxillary premolars restored with onlay employing various cusp reduction designs (anatomic, horizontal and beveled) to identify the optimum design and to assess whether these designs influence the ability to restore fractures. The null hypothesis examined was that cusp preparation design would have no effect on the fracture resistance and fracture mode of onlay restorations of endodontically treated maxillary premolars.
MATERIALS AND METHODS

Teeth collection and grouping:
Fifty human maxillary premolar teeth, extracted for periodontal reasons, with approximately similar coronal dimensions (bucco-lingually, mesiodistally and occluso-cervically measured from cemento-enamel junction), were sampled in the current investigation. The teeth were selected to be of similar roots with fully developed apices, noncarious, free form cracks. The selected teeth were debrided and cleaned of calculous and soft tissue. All the teeth had been collected in the Oral and Maxillofacial Department, Faculty of Dentistry, Mansoura University. The selected teeth were stored in 0.1% thymol solution at room temperature for one day, then stored in distilled water for no longer than 3 months. All selected teeth were randomly allocated into four equal groups of 10 teeth based on the preparation design: onlay with anatomic occlusal reduction design (OA), onlay with horizontal occlusal reduction design (OH), onlay with beveled occlusal reduction design (OB), full-coverage crown (CR) and non-restored sound teeth (NR).
Endodontic protocol:
Teeth in OA, OH, OB and CR groups were endodontically treated following standardized procedures. Standard straight access was performed utilizing round bur and rounded end tapered burs. The canal preparation was done with a machine-driven rotary (ProTaper Dentsply Maillefer, Swtzerland). After each file, the canal was irrigated with 2.5 % sodium hypochlorite solution for 10 seconds. The canal was dried with paper points (Aborbent Paper point, Meta Biomed Co Ltd, Korea) and obturated with gutta percha (Gutta Percha Points, Meta Biomed Co Ltd, Korea) and root canal sealer (Adseal Root Canal Sealer, Meta Biomed Co Ltd, Korea) according to manufacturer's instructions. Then, the superior aspect of gutta percha was removed to 2 mm bellow the cemento-enamel junction. The access cavity was fully restored with composite resin (Nexocomp, Meta Biomed Co Ltd, Korea). Then, all teeth were individually fixed in acrylic resin (Acrostone, Acrostone Dental Manufacture, Egypt) to a level 2 mm apical to the cemento-enamel junction. A silicon index (Ghenesyl, Lascod, Italy) was fabricated for each tooth and was sectioned in bucoo-lingual direction and used to control tooth structure removal and check restoration contour. 
Tooth preparation:
The MOD cavity was prepared without proximal steps. The preparation had an isthmus width of half the bucc-lingual distance. The pulpal floor was prepared to be at right angles with the long axis of the tooth and placed 1.5 mm above the cementoenamel junction. The preparation was performed with large-grit diamonds and finishing was performed with finer diamonds (Inlay Preparation Set, Komet). The cavity dimensions were measured with digital caliper (150mm/6in, American Spares Industriz). For teeth in OA group, the cusps were reduced parallel to the cusp inclines. For teeth in OH group, the cusps were reduced in parallel with the occlusal plane with no bevel. For teeth in OB group, the cusps were prepared in parallel with the occlusal plane, then bevel reductions were accomplished in a reverse angle to the natural cusp ridge. 32, 33 For teeth in group CR, the preparation was performed to receive a full coverage crown: 1-mm circumferential chamfer margin placed 0.5 mm above cemento-enamel junction and 1.5 mm anatomical occlusal reduction. The sectioned putty index was used to assess the preparation. All preparation was performed by single operator with the handpiece stabilized in a parallelometer.
Restoration fabrication and luting procedures
CAD-CAM ceramic restorations were fabricated from resin-infiltrated ceramic (vita Enamic, Vita Zahnfabrik, Germany) using Ceramill motion 2 CAD-CAM system (Amann Girrbach GmbH). All restorations were fabricated to have the same occluso-gingival height as well as having similar occlusal morphology. After each restoration was checked for accuracy of fit, intaglio surface of restorations was etched with 5% hydrofluoric acid gel (IPS Ceramic Etching-gel, Ivoclar Vivadent) for 60 seconds according to manufacturer's instructions, then rinsed with for 60 seconds and dried with moist-free air. Then, silane coupling agent (Porcelain Silane, Ultradent Products) was applied and allowed to dry for 60 seconds. The enamel of the prepared tooth surfaces was selectively etched with 37% phosphoric acid gel (Meta Etchant, Meta Biomed) for 30 seconds, then rinsed and dried. All restorations were cemented with self-adhesive resin cement (Panavia SA Cement Plus, Kurary, Japan). The resin cement was applied to the intaglio surface of the restorations which was seated on its corresponding prepared tooth by static finger pressure then under constant axial load of 1 kg. After brief light curing, excess cement was removed. Then, light curing was done at each surface for 20 seconds. Margins of the restoration were finished with fine finishing diamond. Then, the specimens were stored in distilled water for one week at room temperature. Specimens were subjected to 10000 thermal cycles between 5 and 55°C with a dual time of 30 seconds at each temperature in the thermal cycling machine (Thermocycler, SD Mechatronik, Germany).
Fracture resistance test
Each specimen was subjected to fracture test using universal testing machine (Instron, Instron Corp., Canton, MA, USA). Force was applied through a 5-mm stainless steel ball to the center of the occlusal surface and contacting the buccal and lingual triangular ridge representing the antagonistic tooth. 34 A tin foil was affixed the ball to distribute the force regularly. Load was applied at a cross speed of 1 mm min -1 till failure. The fracture load to failure was recorded in newtons (N). For each specimen, pattern of failure was inspected and classified based on the location of fracture. Favorable failure was defined as repairable failure above the level of osseous simulation and included adhesive failure. Whereas, unfavorable failure was recognized as non-repairable and catastrophic failure below the level of osseous simulation.
Statistical interpretations
Statistical analysis was done using statistical software (SPSS Statistics for Windows v17.0 SPSS Inc).
RESULTS
Means and standard deviations of load to fracture values are presented in Table 1 . Normal and relative (marginal) distributions of data was tested by using Kolmogorov-Smirnov and Levene normality tests that revealed normal data distribution. Therefore, parametric one-way ANOVA test was conducted to assess the difference in load to fracture values among experimental group ( Table 2 ). The highest overall load to fracture values (N) was recorded in control non-restored group (1657±167.7N), followed by CR, OA, OB and OH groups where the mean values were (887.5±40.3, 789.4±54.8, 722.2±46.2 and 634.8±74.2N) respectively. Significant differences were found among load to fracture values of experimental groups under study with CR group showed the height values (P < .05).
Fracture pattern percentages of the experimental groups are represented in Table 3 and in figures 1 & 2. The intact teeth predominantly fractured with favorable fracture patterns followed by CR group; while both OB and OH groups showed the heights non-favorable pattern of fracture. Group OA represented moderate percentage of favorable fracture. 
DISCUSSION
Restoration of endodontically treated teeth with application of adhesive protocols offers advantages such as reinforcement of remaining tooth structure, prohibit further loss of tooth structure and offer additional favorable distributions of occlusal loads. 2, 22 The application of adhesive protocols has the capability to reinforce the restored teeth. 28, 35 The employment of bonded cuspal coverage restorations such as onlay and endo-crown restorations to restore endodontically treated teeth with extensive loss of tooth structure constitutes a more conservative strategy in relation to function and esthetics. 22,24, 35 The application of bonded onlay restorations has advantages such as reducing cuspal flexure, cuspal splinting and reinforcement of remaining tooth structure. 21, 36 Following preparation, the decrease of cuspal stiffness has been shown to be substantial, but may be restored with the employment of a bonded restoration. 17, 37 In the present study, the endodontic access cavities was restored with bonded composite resin and definitive ceramic restorations was bonded with resin cement.
Maxillary premolar teeth were utilized in the current investigation because of its susceptibility to cusps deflection and fractures under occlusal stresses. 38 Tooth structure removal during endodontic procedures and preparation for definitive restoration raises the incidence of cusp deflection and increases the possibility to fracture. The cusp coverage becomes indispensable when the cavity width of the preparation is one half of the buccolingual distance of the tooth or utmost than two thirds of the inter-cuspal distance of the prepared cavity. 39 In the current investigation, the cavity isthmus width was designed to be one-half of the bucco-lingual dimension. Compared with restored teeth, cuspal fracture are infrequently happening in sound teeth due to the buttressing effect of the roof of the pulp chamber and proximal marginal ridges. 25, 40 The endodontic access cavity alone had minimal influence on cuspal stiffness, however the onlay cavity preparation has obvious influence on cuspal stiffness of maxillary premolar teeth and more prone to subsequent fractures. 25, 41 Although previous investigations showed that bonded cusp coverage restorations enhance fracture resistance, 1,,2,21 the literature still uncertain as regard to which type of cusp reduction designs represent the optimum design for management of weakened endodontically treated teeth. 21, 22 Dejak et al 24 studied onlays with rounded shoulder, beveled and horizontal preparation designs and revealed that onlay restorations with rounded shoulder designs showed beneficial distribution of occlusal loads. In the current investigation, anatomic, horizontal and beveled cusp reduction designs were employed to acquire the optimum reduction configuration. The data of the current study advocate the presence of variations in the fracture resistance and the failure pattern among cusp coverage restorations of endodontically treated premolar teeth. The reduction parallel to the cusp inclines obviously strengthened the restored teeth. Also, restorable fracture patterns were observed among the anatomic reduction design group. This result is most probably because of the axial orientation of the cusp preparation configuration which would result in an advantageous allocation of occlusal stresses between the restoration and the tooth structure when a compressive load is exerted. Also, that result could be attributed to the enhanced resistance to fracture related with beveled design. The bevel designs have been showed to improve the behaviors of restored teeth compared to teeth with non-beveled margin designes. 42, 43 The significance of the cusp inclination and the loading zone 44,45 and the position of the residual tooth structure 31, 34 have been described in in previous studies.
The advantage of the onlay preparation designs can be interpreted by the amount of the remaining tooth structure, resulting in favorable distribution of stresses in the tooth and minimized risk of fractures. 29,46, 47 The onlay approach could be considered a suitable method to restore root treated maxillary premolar teeth with the merit of being more conservative than full-coverage restorations. 48 Cusp coverage restorations for endodontically treated teeth represent a conservative approach in terms of function and esthetics. 49, 50 The results of the current study lend support to the possible reasons behind the effectiveness of the onlay restorations. 51 The average bite force in the premolar teeth rage from 200 N to about 450 N. Therefore, the tested onlay restorations could be considered strong enough to withstand the clinical bite forces in premolar region.
The null hypothesis that cusp reduction configuration would have no effect on the fracture resistance and fracture mode of onlay restorations of endodontically treated maxillary premolars was rejected. The fracture resistance and failure pattern of onlay restorations were affected by the cusp preparation design.
As limitations to the current study: The findings are applicable only to the utilized ceramic and luting cement and preparation designs evaluated in maxillary premolar teeth. Also, the use of one type of luting cement and restorative material and the use of other types may resulted in different findings. The effect of mechanical cyclic fatigue was not tested. Therefore, more investigations are required to study the influence these variables on the mechanical behavior of cusp coverage onlay restorations.
CONCLUSIONS
Within the limitations of the present study, the following conclusions were drawn: The root treated maxillary premolars restored with anatomic cusp reduction design displayed greater resistance to fracture and greater rates of restorable fractures than root treated treated maxillary premolars submitted to horizontal and beveled reduction deigns.
